eIF4G, mediates translation initiation. First, CBP80 was mRNP proteins in immunopurified complexes does not depend on the presence of these RNAs since they reprefound to bind eIF4G in vitro (Fortes et al., 2000) . Second, sent only a small fraction of cellular RNA. However, quanti-TAP-tagged CBP20, which forms the heteromeric nutative analysis of these RNAs in the complexes allows for clear cap binding complex with CBP80, was found to identification of those proteins associated with NMD. associate with eIF4G in extracts (Fortes et al., 2000) .
Cos cells were transiently transfected with two plasmids: Furthermore, CBP80 added to extracts was found to a test pmCMV-Gl plasmid, which expressed ␤-globin stimulate translation 2.5-fold, provided that extracts (Gl) mRNA that was either nonsense-free (Norm) or harwere derived from strains harboring a mutated form of bored a premature termination codon at position 39 eIF4G that interacted only weakly with eIF4E and the within exon 2 (Ter) as a control, normal rabbit serum (NRS). After 90 min at respectively, the protein and RNA components of mam-4ЊC, tRNA, RNase inhibitor and protein A-agarose beads malian cell RNP immunopurified using antibody to either were added, and the incubation was continued for an-CBP80 or eIF4E. Remarkably, our results indicate that other 60 min. The beads were washed extensively, both nucleus-associated and cytoplasmic NMD take bound material was eluted with SDS-containing buffer, place in association with CBP80. Therefore, a first round and protein and RNA were purified for analysis by Westof translation in mammalian cells can take place in assoern blotting and RT-PCR, respectively. ciation with CBP80. We identify other proteins associ-
The results of Western blotting revealed that CBP80 ated with CBP80-bound mRNA as CBP20, poly(A) bindwas immunopurified using anti-CBP80 antibody but not ing protein II (PABP2), and Upf3 protein, which are NRS ( Figure 1B , left), indicating that immunopurification primarily nuclear, and eIF4G, Upf2 protein, and ribowas specific for CBP80-containing complexes. The resomal protein L10, which are primarily cytoplasmic.
sults of RT-PCR revealed that Gl and MUP mRNAs were CBP20 forms the nuclear cap binding complex with also immunopurified using anti-CBP80 antibody but not CBP80 (Izaurralde et al sense-containing Gl mRNA in total-cell mRNA (i.e., presence of ribosomal protein, together with our finding mRNA that had not been immunopurified) was reduced that the NMD of mRNA immunopurified using antibody to essentially the same extent (i.e., 23% Ϯ 4% of nonto CBP80 is abrogated by cycloheximide or suppressor sense-free Gl mRNA) ( Figure 1B, right) . These data sugtRNA, is consistent with the well-established depengest that the NMD of Gl mRNA takes place in association dence of NMD on translation (reviewed in . with CBP80. We suggest the possibility of a "pioneer" round of transIn order to gain additional insight into the nature of lation involving CBP80 that, depending on the mRNA, mRNP that is a target for NMD, the experiment was takes place either in association with nuclei or in the scaled up and repeated using anti-CBP80 antibody and, cytoplasm.
in parallel, anti-eIF4E antibody. Results of Western blotting confirmed the specificity of each immunopurificaResults tion by demonstrating that CBP80 but not eIF4E was immunopurified using anti-CBP80 antibody, eIF4E but Nucleus-Associated NMD of ␤-Globin mRNA Takes not CBP80 was immunopurified using anti-eIF4E antiPlace In Association with CBP80, CBP20, eIF4G, body, and neither protein was immunopurified using NRS PABP2, and Upf2 and Upf3 Proteins ( Figure 1C, upper) . Calculations indicated that 34% Ϯ Considering that ␤-globin mRNA is subject to nucleus-2% of cellular CBP80 was immunopurified using antiassociated NMD in nonerythroid cells such as HeLa and CBP80 antibody, and 15% Ϯ 1% of cellular eIF4E was Cos cells (Kugler et al., 1995 ; Zhang et al., 1998a), we immunopurified using anti-eIF4E antibody. The finding first aimed to determine if NMD is evident for ␤-globin that the NMD of Gl mRNA takes place in association mRNP immunopurified using anti-CBP80 antibody. We with CBP80 was corroborated using RT-PCR: the level assayed endogenous CBP80 in order to avoid artifacof nonsense-containing Gl mRNA was 17% Ϯ 4% and tual interactions that could be due to abnormally high 20% Ϯ 4% of normal in complexes immunopurified uslevels of CBP80 produced from transiently introduced exing anti-CBP80 antibody and in total-cell RNA, respecpression vectors. Therefore, only RNA substrates-either tively ( Figure 1C, lower) . The level of nonsense-connonsense-free or nonsense-containing-derived from taining Gl mRNA was comparably reduced to 12% Ϯ 3% of normal in complexes immunopurified using antitransiently introduced vectors. Notably, the detection of eIF4E antibody (Figure 1C, lower) . These results demonstrate that more than 80% of CBP80-bound Gl mRNA is degraded when the mRNA harbors the nonsense codon. Since CBP80 is thought to be replaced by eIF4E in the cytoplasm (Visa et al., 1996; Shen et al., 2000), it is likely that only the 17% of nonsense-containing Gl mRNA that escapes NMD is available for binding to eIF4E. Considering that the difference between 17% and 12% is within experimental variations, the finding that 12% of nonsense-containing Gl mRNA is bound by eIF4E may indicate that eIF4E-bound Gl mRNA is essentially immune to NMD. Alternatively, the difference may indicate that NMD also involves eIF4E-bound mRNA.
Additional evidence for specificity of the immunopurifications and the idea that CBP80-bound mRNA is susceptible to NMD was provided by the findings that complexes immunopurified using anti-CBP80 antibody but not anti-eIF4E antibody contained four other proteins detectable by Western blotting: CBP20, which together with CBP80 forms the heterodimeric nuclear cap binding complex; poly ( , 2000) . Notably, the amounts of As another means of confirming that the CBP80-eIF4G and L10 associated with CBP80 were small but containing complex is a substrate for NMD, mRNP was reasonable considering the amounts associated with immunopurified from untransfected cells using antieIF4E, which supports the bulk of cellular translation. as described above for studies of Gl mRNP. The results of Western blotting confirmed the specificity of each immunopurification, i.e., the absence of dedescribed above, CBP80, PABP2, and Upf2 protein, but tectable eIF4E in the immunopurification using antinot eIF4E or Upf1 protein, were detected in complexes CBP80 antibody, the absence of detectable CBP80 in immunopurified using anti-Upf3/3X antibody (Figure 3) . the immunopurification using anti-eIF4E antibody, and The presence of CBP80 and the absence of eIF4E in the absence of either protein in the immunopurification complexes immunopurified using anti-Upf3/3X antibody using NRS ( Figure 5B, upper) . Furthermore, quantitation corroborate the idea that NMD is largely confined to of GPx1 and MUP mRNAs by RT-PCR revealed the pres-CBP80-bound mRNA. The finding that there is more ence of each mRNA in immunopurifications using antiUpf2 protein in complexes immunopurified using anti-CBP80 or anti-eIF4E antibody but not NRS ( Figure 5B , Upf3/3X antibody than in complexes immunopurified lower). Remarkably, despite its cytoplasmic location, using anti-CBP80 antibody is consistent with data dem-NMD was evident for CBP80-bound GPx1 mRNA: the onstrating that Upf2 and Upf3 proteins can interact indelevel of nonsense-containing mRNA was 25% Ϯ 5% of pendently of RNA (Lykke-Andersen et al., 2000) , normal, which was comparable to the (29% Ϯ 4% of whereas the interaction between CBP80 and Upf3 is normal) level of nonsense-containing mRNA that had dependent on RNA (data not shown).
not undergone immunopurification ( Figure 5B, lower) . The level of nonsense-containing mRNA bound by eIF4E Evidence that CBP80-Bound Gl mRNA was 21% Ϯ 2% of normal ( Figure 5B, lower) , indicating Is Translated that GPx1 mRNA is no longer appreciably susceptible The finding that NMD takes place in association with to NMD once CBP80 is replaced by eIF4E, as was found CBP80 implies that CBP80-bound mRNA can be transfor Gl mRNA. The difference between 25% and 21% lated, which is consistent with the presence of eIF4G may indicate that NMD involves eIF4E-bound mRNA. and ribosomal protein in immunopurifications using antiNevertheless, as was concluded from the studies of Gl CBP80 antibody ( Figure 1C) . To obtain more direct evimRNA, NMD involves CBP80-bound mRNA. dence for the translatability of CBP80-bound mRNA, the Also consistent with findings using Gl mRNA, results effect of a block in translation on the level of total-cell of Western blotting revealed that CBP80-bound GPx1 CBP80-bound mRNA was quantitated. Addition of 100 g/ mRNA, but not eIF4E-bound GPx1 mRNA, was associml of cycloheximide for two hr prior to cell harvesting ated with CBP20, PABP2, Upf2 protein, and Upf3 protein abrogated the NMD of CBP80-bound Gl mRNA so that ( Figure 5B, upper) . Furthermore, both CBP80-bound and the level of nonsense-containing mRNA was increased eIF4E-bound GPx1 mRNAs were associated with eIF4G from 15% to 42% of normal ( Figure 4A) . Therefore, and ribosomal protein L10, and neither was detectably CBP80-bound mRNA is a substrate for protein syntheassociated with Upf1 protein (Figure 5B , upper; data not sis. This conclusion was corroborated using an amber shown for L10). The analysis of cell fractions was used suppressor tRNA (Belgrader et al., 1993) that directs to corroborate the biological significance of the GPx1 the incorporation of serine at the nonsense codon of mRNP under study. NMD was evident for CBP80-bound nonsense-containing Gl mRNA. Coexpression of a plasGPx1 mRNA in the cytoplasmic but not nuclear fraction mid producing suppressor tRNA abrogated the NMD (Figure 6 ). This result is consistent with the fact that of CBP80-bound Gl mRNA: the level of nonsense-NMD of GPx1 mRNA takes place only after export to containing Gl mRNA was increased from 23% of normal the cytoplasm, and indicates that translation in the cytoto 37%, 46%, or 62% of normal as the ratio of suppressor plasm can take place in association with CBP80. tRNA expression vector to Gl mRNA expression vector was increased ( Figure 4B ). In contrast, coexpression Discussion of a plasmid harboring the suppressor tRNA gene in antisense orientation had no effect on the NMD of We have determined that mRNA bound by the cap binding proteins CBP80 and CBP20 and the poly(A) binding CBP80-bound Gl mRNA ( Figure 4B ). protein PABP2 is translated and subject to NMD regardcleus-associated NMD. Upf1 and Upf2 proteins could also be present in nuclei at undetectable levels. Even less of whether NMD takes place in association with nuclei or in the cytoplasm. Even though CBP80, CBP20, our finding that the nucleus-associated NMD of CBP80-bound Gl mRNA is abrogated by either a cycloheximideand PABP2 are primarily nuclear, their function in cytoplasmic NMD is attributable to their ability to shuttle induced block in translation or suppressor tRNA that recognizes the nonsense codon as a codon for serine between nuclei and cytoplasm. The site of nucleusassociated NMD remains uncertain. For the sake of unifidoes not preclude the possibility of cycloheximide-sensitive or suppressor tRNA-responsive translation in nucation, it could be argued that nucleus-associated NMD also takes place in the cytoplasm, albeit during the proclei. Nevertheless, the simplest interpretation of existing data is that nucleus-associated NMD involves cytocess of mRNA export from nuclei. Consistent with this possibility, but certainly not proof, the replacement of plasmic ribosomes during mRNA export. Our findings are important for a number of reasons. CBP80 and CBP20 by the primarily cytoplasmic cap binding protein eIF4E is generally concomitant with the Most notably, CBP80, CBP20, and, presumably, PABP2, can now be defined as components of the translation loss of susceptibility to NMD for both nucleus-associated and cytoplasmic NMD. Furthermore, Upf2 protein, initiation complex that typifies early rounds-possibly exclusively the first round-of translation in mammalian which is also bound to mRNA subject to NMD at either cellular site, is detected only in the cytoplasm, albeit cells. The idea of a "pioneer" round that is distinct from subsequent rounds has recently been suggested for mostly at the nuclear periphery . Additionally, TAP-tagged CBP20 copurified with CBP80, eIF4G1, and a small amount of eIF4E, indi-CBP80-CBP20 replacement by eIF4E will there be an understanding of whether or not a fraction of eIF4E-cating an association in extracts. For reasons unknown, however, CBP80-CBP20 stimulated cap-dependent transbound mRNA, in addition to CBP80-bound mRNA, normally serves as a substrate for NMD. lation only in extracts of yeast strains expressing eIF4G1 that harbored mutations weakening its binding to eIF4E Details of the intermolecular interactions within the pioneer initiation complex, and in particular, if they relate and Pab1p; in fact, addition of CBP80-CBP20 to wildtype extracts inhibited translation (Fortes et al., 2000) . to or are different from those of the steady-state initiation complex, have yet to be resolved. In the steadyThe CBP80-interacting region of S. cerevisiae eIF4G1 was found to reside between residues 490 and 592 (Forstate initiation complex, eIF4G is a multipurpose adaptor, interacting directly with eIF4E, eIF3, eIF4A, and tes et al., 2000). These residues are situated immediately C-terminal to (and were suggested to interfere with) the PABP1 (reviewed in Hentze, 1997; Gingras et al., 1999; Sachs and Varani, 2000; see Figure 7 ). For a comparable eIF4E interacting region of eIF4G1. A database search revealed that these residues are 63% identical to those complex to exist during the pioneer round of translation, CBP80-CBP20 would interact with eIF4G analogously in S. cerevisiae eIF4G2, but they show no obvious similarity to either human eIF4G1 or human eIF4G2 (data to the way eIF4E interacts with eIF4G; similarly, PABP2 would functionally replace PABP1 (Figure 7) . not shown). Therefore, there is currently no indication for mammalian cells that eIF4G interacts directly with Consistent with recent studies of mammalian cells CBP80 and eIF4G, unlike the situation in S. cerevisiae, where eIF4E and CBP80 can simultaneously be present in eIF4G1-containing complexes independent of RNA (Fortes et al., 2000) .
There is also no evidence for mammalian cells that eIF4G interacts with CBP20. A database search revealed that CBP20 and eIF4E from S. cerevisiae, D. melanogaster, and humans likely derived from a common ancestor. For example, human CBP20 and human eIF4E share 26% amino acid similarity throughout their lengths (data not shown). Mutation of Trp73 in human eIF4E or the corresponding Trp75 in S. cerevisiae eIF4E has been shown to abolish the interaction with eIF4G ( 
